Purpose: A few experimental and observational studies have reported that atorvastatin prevents calcium oxalate stone formation. Our study is the first to investigate the effect of atorvastatin on 24-hour urinary metabolites, urinary malondialdehyde (U-MDA) (an oxidative stress marker) and urinary neutrophil gelatinase-associated lipocalin (U-NGAL) (a renal tubular injury marker) in patients with calcium stones and hyperoxaluria. Materials and Methods: This randomized, double-blind, placebo-controlled, parallel-group clinical trial included 32 adults with recurrent calcium stone formation and hyperoxaluria. All participants received a 3-month course of either atorvastatin (20 mg/ d) or placebo of an identical shape. Both groups received the usual nutritional care based on the European Association of Urology guidelines. Results: Twenty-eight participants completed the study. Serum levels of total and low-density lipoprotein cholesterol decreased in the atorvastatin group, and these changes were significantly different between groups (p<0.001). No statistically significant differences were observed between intergroup changes of the 24-hour urinary metabolite analysis, the U-MDA to creatinine ratio and the U-NGAL to creatinine ratio. Conclusions: Atorvastatin administration at a dose of 20 mg/d for 3 months did not affect 24-hour urinary metabolite, U-MDA and U-NGAL levels in recurrent calcium stone formers. However, this study could not disprove the preventive role of atorvastatin in kidney stone formation. Future studies should consider a larger sample size, longer follow-up, different drug doses, and measurements of multiple biomarkers of oxidative stress and tubular injury.
INTRODUCTION
Calcium oxalate (CaOx) stones are the most prevalent type of kidney stones worldwide and also in Iran [1] . The pathogenesis of CaOx stones is multifactorial, and this con-dition is associated with several chronic diseases, such as cardiovascular disease, diabetes mellitus, and dyslipidemia. Reportedly, dyslipidemia increases the risk of kidney stone formation [2] . A few studies have reported that statin intake could protect against kidney stone formation [3, 4] .
Effect of atorvastatin in calcium stone formers
Statins are a group of lipid-lowering drugs, which act via inhibition of 3-hydroxy-3-methylglutaryl coenzyme A reductase. In addition to their lipid-lowering action, they are known to decrease the risk of chronic diseases, such as cardiovascular disease and different types of cancers [4] . Sur et al. [3] and Cohen et al. [4] investigated the effect of statins on urolithiasis in humans, and both studies reported that statin use was associated with a reduced risk of stone formation. However, the underlying mechanisms contributing to this effect remain unclear. The study by Cohen et al. [4] suggested that the effect is independent of the lipid-lowering action of statins. Two experimental studies by Tsujihata et al. [5, 6] performed in rat models of hyperoxaluria and CaOx stones reported that atorvastatin administration inhibited renal crystal retention by decreasing oxidative stress caused by oxalate and CaOx crystals. A recent experimental study performed by Temiz et al. [7] in a rat model of urolithiasis reported that atorvastatin administration significantly decreased uric acid but increased calcium levels. To our knowledge, no clinical trial has investigated the effect of atorvastatin in patients with kidney stones. This current study investigated the effects of short-term atorvastatin use in patients with calcium stones and hyperoxaluria. We investigated the effects of the drug on 24-hour (h) urinary metabolites and also urinary malondialdehyde (U-MDA) (a marker of oxidative stress) and urinary neutrophil gelatinase-associated lipocalin (U-NGAL) (a marker of renal tubular injury).
MATERIALS AND METHODS

Trial design and participants
This study was a randomized, double-blind, placebocontrolled, parallel-group clinical trial with an allocation ratio of 1:1. All participants were recruited from the Stone Prevention Clinic at Shahid Labbafinejad Hospital, Tehran, Iran. Recurrent calcium stone formers (those with a history of at least 2 episodes of radiopaque stone formation [8] ) with hyperoxaluria [24-h urinary oxalate >40 mg/24 h]) were enrolled. Other inclusion criteria included the following: age 18 to 65 years, competency to provide informed consent, and no surgical interventions performed within 20 days preceding study enrollment [8] . Exclusion criteria were as follows: primary or enteric hyperoxaluria (urinary oxalate >80 mg/24 h), new prescriptions or changes in the dose of thiazides, use of medications that could affect urinary oxalate homeostasis including calcium, magnesium, and potassium supplements and pyridoxine, use of antioxidant or anti-inflammatory drugs or supplements (e.g., steroids, nonsteroidal anti-inflammatory drugs, pioglitazone, and/or multivitamins containing vitamin A, C, or E), a history of diabetes mellitus, hepatic failure, thyroid or parathyroid diseases, chronic kidney disease, urinary tract infection, chronic diarrhea, cancers, or immunological diseases, and pregnancy or lactation.
Sample size, randomization, and blinding
As mentioned earlier, no previous research was available as a reference for sample size estimation for this study. Differences in U-MDA levels were used as the primary endpoint to calculate the sample size. Considering an effect size of 1 (based on a study reported by Chow et al. [9] and the limitations regarding the feasibility of the project at our center), as well as a type I error (α) of 0.05 and type II error (β) of 0.2, the required number of participants was determined as 16 per group. Permuted-block randomization was used to categorize participants into blocks with a block size of 4. A computer program was used to generate a random sequence before patient allocation. Both, participants and investigators were blinded to the study allocation. The drug and placebo containers were identical in shape and were sequentially coded by one of the study investigators. The codes were kept secret until data analysis was completed.
All participants provided written informed consent, and the study was performed in accordance with the 1964 Declaration of Helsinki. The Ethics Committee of the Urology and Nephrology Research Center at Shahid Beheshti University of Medical Sciences approved the study (reference number: 931223-10). The trial was registered in the Iranian Registry of Clinical Trials (IRCT) (IRCT registration number: IRCT2017021826406N2).
Interventions
All participants received a 3-month course of either atorvastatin (20 mg/d) or placebo. Both groups received the usual nutritional care at the Stone Prevention Clinic based on the European Association of Urology guidelines, including normal calcium but restricted oxalate intake [10] . Participants were instructed to return forgotten pills at the end of the study period to evaluate drug compliance. The ratio of consumed to total pills was used as a measure of drug compliance [11] .
Outcomes and data collection techniques
Study outcomes included levels of 24-h urinary metabolites, U-MDA and U-NGAL. As mentioned earlier, U-MDA was assessed as a marker of oxidative stress and U-NGAL as a marker of renal tubular injury. Other variables investigated were anthropometric indices, fasting serum glucose, and the lipid profile. All variables were investigated at the beginning and at the end of the study.
In this study, 24-h urinary metabolites were measured using the method described by previous reports [12] and included evaluation of creatinine, uric acid, calcium, magnesium, phosphate, sodium, potassium, citrate, and oxalate. The CaOx supersaturation, calcium phosphate supersaturation, and uric acid supersaturation values were calculated using the LithoRisk software (Biohealth, Italy) based on urinary metabolite measurements in 24-h urine samples.
The first morning urine sample was collected for the measurement of U-MDA, U-NGAL, and creatinine. All urine samples were collected in sterile containers under aseptic precautions and centrifuged to remove any particulate matter. The samples were stored at -80ºC until they were analyzed. The Kei Satoh method was used to measure U-MDA [13] , and measurements were performed within 6 months after sampling. The sandwich ELISA method was used for measurement of U-NGAL with the R&D Systems DuoSet Kit DY1757 (Minneapolis, MN, USA). U-MDA and U-NGAL levels were divided by urinary creatinine levels to normalize for changes in urine concentration.
Blood samples were obtained following a 12-h overnight fast, and serum was separated for analysis. Participants' weight, height, and waist circumference were measured as previously reported [14] , and the body mass index was expressed as kg/m 2 .
Statistical analysis
All statistical analyses were performed using the IBM SPSS Statistics for Windows software ver. 22 .0 (IBM Corp., Armonk, NY, USA). Normality of data was analyzed using the Shapiro-Wilk test. Data with skewed distribution were analyzed using nonparametric tests. Differences in baseline or final data between two groups were analyzed using the independent t-test (Mann-Whitney U test for data showing skewed distribution) for numerical continuous data and the chi-square test for categorical data. Intergroup differences in all dependent variables were calculated and compared between groups using the independent t-test (Mann-Whitney U test for data showing skewed distribution). A p-value <0.05 was considered statistically significant.
RESULTS
This study included 32 participants and was performed between May 2016 and January 2017. Participants were randomly allocated to the aforementioned study groups, and eventually, 28 participants completed the study. All participants consumed >80% of prescribed medication (mean, 90.1; 95% confidence interval, 87.0-93.2). The CONSORT participant flow diagram is presented in Fig. 1 .
Demographic and participants' baseline data, as well as serum parameters of participants are presented in Tables  1 and 2 
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baseline patient characteristics except with regard to serum triglyceride (TG) levels (p=0.015).
We observed that the levels of serum total and lowdensity lipoprotein cholesterol decreased in the atorvastatin group, and these intergroup changes were significantly different between groups (p<0.001, for both analyses). The level of serum TG levels was also decreased in atorvastatin group; however, the intergroup changes were nearly but not statistically different between groups (p=0.057). No significant differences were observed between study groups with regard to the intergroup changes in serum levels of other variables.
Results of 24-h urinary metabolite analysis are presented in Table 3 . No significant differences were observed in intergroup changes with regard to 24-h urinary metabolites.
The pre-and post-intervention results of the U-MDA to creatinine ratio (U-MDA/Cr) and the U-NGAL to creatinine ratio (U-NGAL/Cr) are presented in Table 4 . No significant differences were observed with regard to intergroup changes in the U-MDA/Cr and U-NGAL/Cr values.
DISCUSSION
This study highlighted that atorvastatin administration (20 mg/d) for 3 months did not affect 24-h urinary metabolites, as well as U-MDA/Cr and U-NGAL/Cr values. To our knowledge, this randomized clinical trial is the first study to investigate the effect of atorvastatin on urinary metabolites or oxidative and tubular injury markers in patients with recurrent nephrolithiasis. Sur et al. [3] and Cohen et al. [4] investigated the association between statin use and urolithiasis; however, data regarding 24-h urinary metabolites were not available in their studies. Temiz et al. [7] reported that atorvastatin administration in a rat model of urolithiasis significantly decreased uric acid levels but increased calcium levels [7] . In contrast, Tsujihata et al. [5] reported that atorvastatin administration in a rat model of kidney stones and hyperoxaluria was not associated with changes in urinary oxalate or calcium levels. Santhosh Kumar et al. [15] investigated the effect of vitamin E and selenium administration (antioxidant and anti-inflammatory agents, respectively) in an animal model of hyperoxaluria and reported a significant reduction in urinary oxalate levels. They also observed a decrease in the specific activity of glycolic acid oxidase, lactate dehydrogenase, and xanthine oxidase in the kidney and liver tissue of the experimental animals. These enzymes participate in the synthesis of free radicals and oxalate [16] ; therefore, antioxidant induced-suppression of these enzymes could have contributed to reduced oxalate synthesis. However, these results were not confirmed by our study. With regard to oxidative and tubular injury markers, our results do not concur with those of previous experimental studies [5, 6] , which reported that atorvastatin administration decreased urinary levels of N-acetyl-β-D-glucosaminidase (NAG) (a marker of tubular injury) and 8-hydroxydeoxyguanosine (8-OHdG) (a biomarker of oxidative stress) in a rat model of hyperoxaluria and kidney stones. Our results are also in contrast to results of the retrospective epidemiological studies performed by Sur et al. [3] and Cohen et al. [4] , which reported that long-term statin administration was associated with a reduced risk of urinary stones in patients with hyperlipidemia. Discrepancies between animal or epidemiological studies and clinical trials have been reported by previous studies investigating the effect of vitamin E or beta-carotene on cardiovascular diseases [17, 18] . The contradictory results across studies could be attributed to the lower clinical dose of the medication administered, concomitant effects of other factors, short duration of intervention and follow-up in human studies, differences in patient compliance, and exclusion of high-risk patients [11, 17, 18] ; however, the exact reason remains unclear. Notably, some studies have suggested that the lack of expected effects observed in clinical trials does not disprove the role of oxidative stress in several diseases such as cardiovascular diseases [17, 18] . Selecting an appropriate dose and duration of treatment is challenging in clinical trials. We used a single dose of atorvastatin, which serves as a limitation of our study. Studies performed by Sur et al. [3] and Cohen et al. [4] used different drugs belonging to the statin group with different doses; however, the authors could not draw definitive conclusions regarding the optimal dose of these drugs. Therefore, an optimal type of statin and its dose remain undetermined. With regard to the appropriate duration of therapy, the median follow-up period in the study performed by Sur et al. [3] was 36.3 months in men and 47.2 months in women. The followup period in the study performed by Cohen et al. [4] was 4 to 6 years. Oxidative stress-induced formation of kidney stones is typically a gradual process that occurs over prolonged periods of time [19] . Therefore, an adequately long follow-up period is necessary in studies investigating kidney stone formation to confirm the effectiveness of any intervention.
An important concern in this study is the limitations of the biomarkers used to measure oxidative stress and tubular injury. Oxidative stress and tubular injury cannot directly be measured in the kidney tissue in most cases; therefore, human studies rely on the measurement of surrogate biomarkers in blood and urine in patients with kidney stones. U-MDA [20] , 8-OHdG [21] , and isoprostane [22] are among the surrogate biomarkers that measure oxidative stress, and urinary NGAL [23, 24] , gamma-glutamyl transpeptidase [25] , and NAG [26] serve as markers of tubular injury. The discrep- ancy between experimental animal and human studies can be attributed to differences in the sensitivity of the abovementioned biomarkers for the detection of study outcomes.
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In our study, we measured MDA based on a thiobarbituric acid reactive substances assay, which is a relatively easy and cost-effective method that is widely used across studies. However, the accuracy and sensitivity of this method for the detection of minute changes remains controversial [13] . Another biomarker evaluated in our study is NGAL, which is a tubular injury marker used in studies investigating kidney stones [23, 24] or acute renal failure [27] . Previous research has shown that the level of urinary NGAL is higher in patients with urolithiasis than in healthy individuals [23, 24] , However, a recent study reported that NGAL may not be useful for the follow-up of renal tubular injury in cases of childhood urolithiasis [28] . Further research is warranted to define the specificity and sensitivity of these biomarkers to accurately follow-up changes in oxidative stress and renal tubular injury in adults with kidney stones. Following are the limitations of our study in addition to those mentioned earlier: (1) The small sample size reduces the statistical power of our study and limits the ability to accurately detect the effect of our intervention. (2) Lack of serum parameters to measure oxidative stress and the use of a single biomarker to evaluate oxidative stress or tubular injury serve as other drawbacks of this research. Further clinical trials with a longer follow-up period, different drug doses, age-and sex stratification of patients and measurement of multiple biomarkers of oxidative stress and tubular injury are warranted to investigate the preventive effect of atorvastatin on kidney stone formation. 
